Yoka poxvirus was isolated almost four decades ago from a mosquito pool in the Central African Republic. Its classification as a poxvirus is based solely upon the morphology of virions visualized by electron microscopy. Here we describe sequencing of the Yoka poxvirus genome using a combination of Roche/454 and Illumina next-generation sequencing technologies. A single consensus contig of ϳ175 kb in length that encodes 186 predicted genes was generated. Multiple methods were used to show that Yoka poxvirus is most closely related to viruses in the Orthopoxvirus genus, but it is clearly distinct from previously described poxviruses. Collectively, the phylogenetic and genomic sequence analyses suggest that Yoka poxvirus is the prototype member of a new genus in the family Poxviridae.
Poxviruses are currently classified into two subfamilies, the Chordopoxvirinae (ChPV) and the Entomopoxivirinae. The ChPV infect vertebrates, and the Entomopoxivirinae infect insects. Within the ChPV subfamily, there are nine genera currently recognized, with classification based initially on morphological and biological characteristics: Avipoxvirus, Capripoxvirus, Cervidpoxvirus, Leporipoxvirus, Molluscipoxvirus, Orthopoxvirus, Parapoxvirus, Suipoxvirus, and Yatapoxvirus. More recently, comparative genome analysis has confirmed this poxvirus genus classification (10, 15) . The ChPV genomes are composed of linear double-stranded DNA, vary in size from 134 (6) to 365 kb (22) , and contain between 130 and 328 open reading frames (ORFs). It has been shown that the ends of the vaccinia virus genome contain covalently closed hairpin loops, indicating that the linear doublestranded DNA molecule consists of a single, continuous polynucleotide chain (4) . Typically, terminal inverted repeats are located at the termini of poxvirus genomes. The relatively conserved central region of the ChPV genomes contains essential genes with roles in transcription, replication, and virion assembly and ranges in size from about 80 to 100 kb. The variable genes in poxviruses are located predominantly at either end of the genomes. These genes include some with host range restrictions and immune subversion functions (17) , although the functions of many genes in these regions of the poxvirus genomes are not known. Complete genomic sequences of representative viruses from all nine of the ChPV genera have been obtained.
Yoka poxvirus is an unclassified poxvirus that was originally isolated from a pool of mosquitoes (Aedes simpsoni) collected in the Central African Republic in 1972 (25) . Yoka poxvirus causes the cytopathic effect (CPE) in Vero, CER, PS, and BHK-21 cells but does not form plaques; suckling mice die within 6 days after intracranial inoculation. Virions of poxvirus shape can be observed in the cytoplasm, and the virus does not react serologically with antibodies to variola or vaccinia viruses (25) . Based on electron microscopy, Yoka poxvirus was placed in the Poxviridae family, and it was suggested to be either an avipox, orthopox, leporipox, goatpox, or sheeppox virus but not a tanapox or a parapox virus (25) . Here we report the genome sequence of Yoka poxvirus and provide data suggesting that Yoka poxvirus is the prototype member of a new genus within the family Poxviridae.
MATERIALS AND METHODS
Virus strain. The Yoka poxvirus used in this study was strain DakArB 4268, which was isolated from a pool of Aedes simpsoni mosquitoes collected in Botambi, Central African Republic, on 15 December 1972. The original virus isolate was obtained by intracerebral inoculation of newborn mice; a sample from the ninth mouse passage level was deposited in the World Reference Center for Emerging Viruses and Arboviruses by J. P. Digoutte, Institute Pasteur, Dakar, Senegal, in 1989. The virus was subsequently inoculated into Vero cell cultures to obtain material for sequencing and for electron microscopy.
Transmission electron microscopy. For ultrastructural analysis, infected Vero cells were fixed for at least 1 h in a mixture of 2.5% formaldehyde prepared from paraformaldehyde powder and 0.1% glutaraldehyde in 0.05 M cacodylate buffer (pH 7.3) to which 0.03% picric acid and 0.03% CaCl 2 were added. The monolayers were washed in 0.1 M cacodylate buffer, and cells were scraped off and processed further as pellets. The pellets were postfixed in 1% OsO 4 in 0.1 M cacodylate buffer (pH 7.3) for 1 h, washed with distilled water, and en bloc stained with 2% aqueous uranyl acetate for 20 min at 60°C. The pellets were dehydrated in ethanol, processed through propylene oxide, and embedded in Poly/Bed 812 (Polysciences, Warrington, PA). Ultrathin sections were cut on a Leica EM UC7 ultramicrotome instrument (Leica Microsystems, Bannockburn, IL), strained with lead citrate, and examined in a Philips 201 transmission electron microscope at 60 kV.
Preparation and sequencing of viral DNA. DNA was purified from Yokainfected Vero cells with a Qiagen DNeasy kit according to the manufacturer's instructions. DNA was sequenced using three methods. (i) Initial sequencing was performed using a sequence-independent PCR amplification strategy followed by 454 genome sequencer (GS) FLX sequencing performed as described previously (9) . Sequences were then trimmed to remove primer B sequences prior to assembly using the Newbler program (454 Life Sciences, Branford, CT). (ii) DNA extracted from Vero cell culture was amplified using a Phi29 DNA polymerase-based strategy (Illustra GenomiPhi V2 DNA amplification kit; GE Healthcare, United Kingdom) as described by the manufacturer. Five micro-grams of the Phi29-amplified DNA was used to construct a library for half-plate sequencing using a 454/Roche GS FLX Titanium system. (iii) Five micrograms of Phi29-amplified products was supplied to Cofactor Genomics (St. Louis, MO) for library preparation and DNA sequencing using the Illumina genome analyzer platform (Illumina, Inc., San Diego, CA).
Sequencing and assembly of the viral genome. Because the DNA used for sequencing contained a mixture of Vero DNA and Yoka poxvirus DNA, we used a customized informatics pipeline as described previously (8), with minor modifications, to computationally distinguish between sequence reads derived from Vero cell DNA and those derived from Yoka poxvirus. Briefly, CD-HIT (14) was used to remove identical and nearly identical sequence reads. Repetitive and low-complexity sequences were masked using RepeatMasker (www .repeatmasker.org/) to generate a high-quality data set. This data set was then sequentially compared with (i) the human genome using BLASTn (3), (ii) GenBank nucleic acid databases using BLASTn (3), and (iii) the NCBI nonredundant (nr) protein database using BLASTx (3) in order to define the origin of each read based on the taxonomy of the top-scoring BLAST hit. Minimal E value cutoffs of 1eϪ10 and 1eϪ5 were applied for BLASTn and BLASTx searches, respectively. Sequences identified as viral as well as sequences that had no significant hit to any sequence (50.3% of the unique reads) were assembled using Newbler with default parameters. Illumina data were assembled using Velvet software (26) . Contigs generated from both platforms were compared. Illumina data were used to resolve sequences in homopolymeric stretches. Other conflicts between the two assemblers were resolved by targeted PCR and cloning of the amplicon, followed by Sanger sequencing of cloned fragments.
Sequence and phylogenetic analysis of the Yoka poxvirus genome. Sequence analysis and genome annotation were conducted as described for other recently sequenced poxviruses (1, 2, 23) . Briefly, ORFs were predicted using FgenesV (SoftBerry, Inc.; www.softberry.com/) and Getorf (Emboss package). All predicted ORFs of more than 90 nucleotides with canonical start and stop codons were identified and aligned to the NCBI nr database using BLAST programs (3). One hundred eighty-six ORFs were annotated as potential genes and numbered from left to right as previously described (1, 2, 22, 23) . Multiple sequence alignments were performed with ClustalW (21) . Phylogenetic analysis was performed using both maximum likelihood and maximum parsimony methods in the PHYLIP package (7) with 100 bootstrap replicates. Trees with the same topology were generated using both methods for all the data sets used in the study. Phylogenetic trees were visualized using TreeView (16 
RESULTS AND DISCUSSION
Ultrastructural characteristics. In the cytoplasms of infected Vero cells, structures characteristic for poxvirus assembly and maturation were detected (Fig. 1A) , and mature virions with dumbbell-shaped cores (Fig. 1B) were also seen. Their size was ϳ150 by 250 nm.
Genome sequencing of Yoka poxvirus. Yoka poxvirus was isolated from a mosquito pool in 1972 in the Central African Republic. Electron microscopy suggested that it is a poxvirus (25) , but no further characterization has been described in the literature to date. Critically, we are not aware of any molecular data demonstrating that Yoka poxvirus is in fact a poxvirus. To address this issue, we first performed preliminary analysis using a panviral DNA microarray (24) , which yielded strong hybridization signals from multiple oligonu- YOKA POXVIRUS GENOME 10231
cleotides derived from a variety of known poxviruses (data not shown). This analysis was followed by partial sequencing by 454 pyrosequencing of the total nucleic acids extracted from lysates of infected Vero cells. While the majority of sequence reads obtained were from the Vero cell host, this effort yielded multiple sequences with significant amino acid sequence similarity (BLAST E values of Ͻ9eϪ07) to ChPV proteins (data not shown). Based on these initial results, we performed mass sequencing on amplified viral DNA extracted from Vero cell cultures, using both the Roche/454 and Illumina platforms in order to obtain the full genome sequence. From the raw 454 sequencing data (824,955 total raw reads), we assembled four contigs (a total aggregate length of 172,545 nucleotides [nt]) that possessed readily detectable sequence identity to known poxviruses. Approximately 18ϫ coverage of the contigs was achieved. The order of the four contigs was determined by alignment of the contigs to known poxvirus genomes. Sequence assembly from Illumina sequencing data (a total of 13,458,577 60-nt single-end raw reads) resulted in 10 contigs (a total aggregate length of 163,804 nt with an average of ϳ72ϫ coverage) that possessed detectable sequence identity to known poxviruses. Of the three gaps that separated the four 454-generated contigs, the 3Ј-most gap was spanned by one Illumina-generated contig, which was confirmed by Sanger sequencing of cloned PCR amplicons covering this region. The other two gaps in the 454-generated data were closed by designing PCR primers to span the gaps and subsequent Sanger sequencing of the cloned PCR amplicons.
Comparison of the independently assembled 454 and Illumina data yielded two classes of sequence discrepancies. There were eight regions in Illumina-assembled contigs with deletions of multiple nucleotides compared to those of the 454 contigs. PCR amplification and Sanger sequencing yielded data consistent with the 454 data in all eight of these cases. In the second category, there were 31 instances of conflicts in homopolymer runs in the well-aligned sequences outside the eight regions with deletions. Because of the known propensity for errors to arise in homopolymers in 454 data, the Illumina consensus sequences were used to correct errors in homopolymer regions. A final consensus contig of 175,699 bp was obtained.
Genome structure of Yoka poxvirus. The poxvirus genome is a linear double-stranded DNA molecule containing inverted terminal repeats of variable size (Ͻ0.1 to 12.4 kb) (13) . Yoka poxvirus has the same genomic structure, with an inverted terminal repeat of 2.3 kb. No tandem repeats were detected within the inverted terminal repeat region. Because the genomic terminal loops were not sequenced, the left-most nucleotide of the assembled sequence was arbitrarily designated nucleotide number 1, as in other poxviruses (1, (22) (23) .
The nucleotide composition of the Yoka poxvirus genome was determined to be 74.42% AϩT. Previous research has shown that each poxvirus genus has a characteristic AϩT content (13) . For example, parapoxviruses and molluscipoxviruses have a relatively low AϩT content (Ͻ40%), orthopoxviruses have an AϩT content of approximately 65%, leporipoxviruses have an AϩT content of 56 to 60%, and the AϩT content of capripoxvirus and suipoxvirus is 72 to 74%. Thus, the AϩT content of the Yoka poxvirus genome is most similar to that of the capri-and suipoxviruses (13) .
A total of 186 ORFs were annotated as potential genes and numbered from left to right in the Yoka poxvirus genome using the following criteria: they were predicted by FgenesV (SoftBerry, Inc.; www.softberry.com) or Getorf (Emboss package) (1), they shared significant sequence similarity to known viral or cellular genes (BLAST E value of Յ1eϪ5) (2), or they were 180 nucleotides or longer. A description of all ORFs is given in Table 1 . The 186 predicted ORFs represent a 93% coding density, with an average ORF length of 877 nucleotides (encoding proteins of 33 to 1,852 amino acids). There were 10 smaller predicted ORFs that are completely contained within larger ORFs. Amino acid sequence identity between predicted Yoka poxvirus proteins and the vaccinia virus orthologs varied from 22.5 to 92.3%.
Chordopoxvirus core genes. Poxvirus genes can be classified as being core conserved, genus specific, or species specific. There are 90 genes that are involved in key functions such as replication, transcription, and virion assembly that are common to all ChPVs (10) . Yoka poxvirus orthologs of all 90 conserved core genes were identified with 37.3 to 92.3% amino acid identity (E value of 3eϪ8 to 0) to vaccinia virus orthologs. These genes are colinear with those of vaccinia virus (Table 1) .
Yoka poxvirus is most closely related to but distinct from orthopoxviruses. To assess the phylogenetic relationship between Yoka poxvirus and other known poxviruses, we performed phylogenetic analysis using representative DNA polymerase protein sequences from all available full-length poxvirus DNA polymerases in the NCBI nr database (as of 25 October 2009). We found that Yoka poxvirus formed a branch separate from those of all other orthopoxviruses ( Fig. 2A) . Phylogenetic analysis using the DNA-dependent RNA polymerase subunit rpo147 yielded a tree with the same topology (data not shown).
To further assess the phylogenetic relationship of Yoka poxvirus to other poxviruses, we used concatenated amino acid sequences of 35 conserved proteins from each ChPV species as previously described (10) . The use of multiple protein sequences for analysis is more robust than single-sequence analysis in constructing phylogenetic trees because more gene loci are sampled and thus the number of phylogenetically informative sites is greatly increased. We found that while Yoka poxvirus was most closely related to viruses in the Orthopoxvirus genus (Fig. 2B) , it clearly formed a branch separate from those of other orthopoxviruses.
To further define the relationship between Yoka poxvirus and other poxviruses, we also compared the genomic DNA sequences from the central 100-kb region of Yoka poxvirus to those of (i) members of the Orthopoxvirus genus and (ii) members of the genera Capripoxvirus, Cervidpoxvirus, Leporipoxvirus, Orthopoxvirus, Suipoxvirus, and Yatapoxvirus. The 90 core genes of ChPVs are all located within the central ϳ100-kb region of the genomes. The overall gene order and content are very well conserved among the Orthopoxvirus, Capripoxvirus, Leporipoxvirus, Suipoxvirus, Yatapoxvirus, and Molluscipoxvirus genera (10) .
Within the Orthopoxvirus genus, the central 100-kb region has Ͼ90% nucleotide identity among all members, and remarkably, the maximum difference in length for this region is 382 nt between the longest and the shortest (10). We found the central region of Yoka poxvirus was 967-to 1,365-bp shorter than that found in the other orthopoxviruses. In addition, Yoka poxvirus shared only 72.4% identity with CPXV, its closest relative in the genus. We constructed a distance matrix using the sequence alignments of the central 100-kb region of representative viruses from the Capripoxvirus, Cervidpoxvirus, Leporipoxvirus, Orthopoxvirus, Suipoxvirus, and Yatapoxvirus genera ( Table 2 ). The Avipoxvirus, Molluscipoxvirus, and Parapoxvirus genera were excluded from the analysis because their genomes are too diverged to align properly. The genome of deerpox virus, the type species of the recently added genus Cervidpoxvirus, has a genetic distance of 0.3453 to 0.5173 from all other genera. We found that Yoka poxvirus has a genetic distance of 0.3214 to 0.6009 from all other genera, again suggesting that Yoka poxvirus belongs to a distinct genus.
Novel ORFs that are not present in other poxviruses. Interestingly, Yoka poxvirus also encodes predicted proteins that are more closely related to proteins of vertebrates or Trypanosoma brucei than to other poxvirus proteins.
Yoka poxvirus YKV157 shares approximately 30% amino acid identity (BLASTp E value of 4eϪ47) with a series of ornithine decarboxylase (ODC) proteins, including those from trypanosomes, fish, birds, and mammals. ODC catalyzes the rate-limiting step of polyamine biosynthesis by converting ornithine to putrescine. ODC is the key enzyme in the pathway leading to biosynthesis of polyamines, which are essential for cellular growth and proliferation. Consequently, the polyamine biosynthetic pathway has been a target for the development of agents that prevent carcinogenesis and tumor growth as well as for parasitic treatment (12, 20) . Among previously sequenced viruses, only members of the family Phycodnaviridae encode proteins that share detectable similarity with YKV157. The most closely related viral sequence, protein NY2A_B278R (ABT14677.1) from Paramecium bursaria chlorella virus NY2A, shares 27% amino acid identity (BLASTp E value of 5eϪ29) with YKV157. Currently, no sequenced poxvirus is predicted to encode an ODC homolog. Multiple sequence alignments amongYKV157, homologs encoded by members of the Phycodnaviridae, and mouse, human, and T. brucei ODCs suggest that YKV157 has different residues in the substrate binding site as well as in the enzymatic active site. In the phycodnavirus-encoded enzymes, a few amino acid changes in the substrate binding sites change the substrate preference from L-ornithine to L-arginine (18) . It is not clear from the sequence alignment alone whether YKV157 possesses similar enzymatic function or which substrates it may act upon. The roles of the arginine decarboxylases of the Phycodnaviridae and Yoka poxvirus YKV157 in their viral life cycles remain unclear, although they may affect host protein translation (19) .
YKV173 encodes a predicted major histocompatibility complex class I (MHC class I) antigen protein that is more closely related to those of vertebrates than to those of other viral proteins. YKV173 shares 24% identity over 314 amino acids (BLASTp E value of 7eϪ16) to a mouse MHC class I protein.
While a few poxviruses, such as squirrel parapoxvirus, deerpox virus, and molluscum contagiosum virus, encode MHC class I homologs, no significant sequence similarity was detected amongYKV173 and these poxvirus proteins. The N-linked glycosylation site seen in all MHC class I ␣1 domains is conserved in YKV173. However, multiple sequence alignment of YKV173 with the mouse and the human MHC class I proteins demonstrated that the residues that contribute to peptide binding in the A and F pockets are not well conserved in YKV173. In YKV173, the amino acids at those loci are more similar to residues found in nonclassical MHC class I proteins (11) (data not shown).
These data demonstrate that Yoka poxvirus carries unique ORFs that are not shared with other poxviruses, suggesting that Yoka poxvirus may have evolved under selective pressures that are distinct from those of all other known poxviruses. The natural host of Yoka poxvirus is currently unknown. However, the isolation of Yoka poxvirus from a mosquito pool most likely reflects the presence of infectious virus in the blood meal of the mosquito. Based on phylogenetic analysis, Yoka poxvirus is most closely related to other poxviruses of mammals, suggesting that the natural host of Yoka poxvirus is most likely a mammal.
Our aggregate genome analysis suggests that Yoka poxvirus is the prototype species of a new genus of poxvirus. This conclusion is based on (i) the AϩT content of the genome, (ii) the size and degree of sequence conservation of the central ϳ100-kb region of Yoka poxvirus compared to those of other poxviruses, and (iii) the genetic distance between Yoka poxvirus and poxviruses of other genera. Therefore, we propose the Conclusions. In this work, we report the genomic sequence of the Yoka poxvirus and unambiguously define by molecular criteria that it is a member of the family Poxviridae. As with all poxviruses, the genome of Yoka poxvirus consists of a central core of conserved genes flanked by more-variable terminal regions. We presented multiple lines of evidence that suggest that Yoka poxvirus defines a novel genus in the family Poxviridae. Moreover, Yoka poxvirus carries many highly divergent homologs of poxvirus immunomodulatory genes and accessory genes (Table 1) as well as novel ORFs that are not described for any other poxviruses. The fact that Yoka poxvirus can be cultured in several cell lines, can cause CPE in some cell lines, and can grow in mice makes Yoka poxvirus an attractive new model for studying in vivo poxvirus infections and pathogenesis. Moreover, the extensive evolutionary divergence of Yoka poxvirus from other orthopoxviruses provides a unique opportunity to define sequence-function differences among orthologous genes. 
